Indirect immunofluorescence procedures reported thus far are not effective at localizing two antigens in the same preparation when both primary antibodies are raised in the same species. In this case, the secondary antibodies can crossreact with both primary antibodies. We report here a protocol in which mouse monoclonal antibodies (MAb) specifrc for actin and myosin were used sequentially to stain the same frozen section of guinea pig skeletal muscle. The myosin-specific mAb was applied first and was localized with a rabbit antimouse IgG-rhodamine secondary antibody. The sections were then ''blocked with a non-binding mouse MAb and unconjugated goat anti-mouse IgG F(ab) fragments. The actin-specific mAb was then applied and localized with a
Introduction
Indirect immunofluorescence double-labeling procedures are relatively straightforward when the two primary antibodies are raised in different species. In this case it is possible to use secondary antibodies conjugated to two different fluorochromes that have the ability to distinguish between the two primaries. However, using indirect double-immunolabeling procedures with two primary antibodies raised in the same species is more difficult because the secondary antibodies will not differentiate between the two primaries. A recent presentation described a procedure whereby one could sequentially label the same section with two rabbit polyclonal primary antibodies (1) . In this procedure, samples were incubated with the first primary, a rabbit polyclonal antibody, and then incubated with the first secondary, a goat anti-rabbit IgG antibody conjugated to a fluorochrome. The samples were then incubated with an ex-Supported by NIH grants HL34779 (DGF), SI0 RR 06607 (R. Gesteland, PI), NICHD N01-HD-2-3144 (DSHB), and AHA Ohio Affiliate SW 91-08 (DGF). This protocol is not limited to use with mouse MAb but can be easily modified to permit indirect immunolocalization of two antigens in the same sample using any pair of samespecies primary antibodies. (J Hisrochem Cytochem 41: KEY WORDS: Immunofluorescence co-localization; Laser scanning confocal microscopy; Image analysis; Skeletal muscle; Actin; Myosin; Sarcomeres.
1273-1278, 1993)
cess of unconjugated goat anti-rabbit IgG to "block" the first staining. The samples were subsequently treated with a second rabbit polyclonal primary antibody which was visualized with a goat antirabbit IgG secondary antibody conjugated to a different fluorochrome. We attempted to duplicate this protocol with two monoclonal primary antibodies (MAb), using an excess of unconjugated goat anti-mouse IgG in the blocking step. We were unable to obtain specific labeling, apparently due to substantial crossreactivity of the antibodies. We report here a modification of this approach that provides a straightforward, reproducible protocol in which two different antigens can be co-localized in the same tissue section with primary antibodies raised in the same species.
Materials and Methods
For this demonstration, we wished to use readily available primary and secondary antibodies to localize proteins having a well-known distribution. Therefore, we chose to localize actin and myosin in longitudinally oriented sections of skeletal muscle tissue.
Tissue Collection. A guinea pig was anesthetized with RAK cocktail (100 Fglml rompun, 10 pg/ml acepromezine, 100 pg/ml ketamine) according to IACUC approved protocols, and a portion of the quadriceps muscle was rapidly excised from the hind limb. The tissue was cut into 5 x 5-mm 1273 C e I I m antigen^ = A n U g e n Y mouse mAb anti X mouse mAb anti Y I $ +i.% mouse mAb anti 2 goat antl mouse Fab A rabbit a n t i mouse -TRlTC rabbit anti mouse -FIT2 strips and mounted on cork specimen mounts with gum tragacanth. The tissue samples were flash-frozen in liquid nitrogen-cooled isopentane and frozen sections 5 bm thick were cut with a Microm cryostat (Carl Zeiss Inc., Batavia, IL). Sections were collected on gelatin coated slides and stored overnight at -2O'C.
Immunocytochemistry. The protocol is presented in diagrammatic form and critically important additions to conventional immunofluorescence methods are discussed in the legend (Figure 1 ).
Samples were maintained at 4°C throughout the localization procedures. Briefly the procedures were as follows: (a) fm sections on slides for 15 min with freshly prepared 4% paraformaldehyde in PBS; (b) wash three times for 5 min in PBS to remove the excess paraformaldehyde; (c) incubate in PBS containing 1% bovine serum albumin (BSA-PBS) to block nonspecific binding sites (blocking Step 1); (d) incubate in primary antibody X for 60 min. (Sarcomeric myosin mouse MAb was used as undiluted tissue culture medium, produced by MF20 cells obtained from the Developmental Studies Hybridoma Bank, Iowa City, IA); (e) wash three times for 10 min in 1% BSA-PBS to remove the excess primary antibody; (f) incubate in secondary antibody X for 60 min. (Rabbit anti-mouse IgG (H+L) conjugated to tetramethylrhodamine isothiocyanate (RaM-TRITC) was obtained from Sigma (St Louis, MO) and was used at a 1: ZOO dilution; (g) wash (three times for 10 min) in PBS to remove the excess secondary antibody; (h) incubate with a mouse MAb that does not bind to rabbit skeletal muscle proteins to block the free arms of secondary X (blocking Step 2). (For this study we used a mouse MAb raised against the dihydropyridine receptor complex (DHPR) of rabbit skeletal muscle, which identifies the al-subunit of the DHPR on immunoblots but does not detect the native form of the protein in indirect immunofluorescence procedures); (i), wash (three times for 10 min) in 1% BSA-PBS to remove the excess blocking antibody; (j) incubate in a 1:20 dilution of 1 mglml solution of goat anti-mouse IgG F(ab) fragments for 60 min (blocking Step 3). (These were generously provided by Dr. C. KO ofJackson ImmunoResearch Laboratories Inc., West Grove, PA); (k) wash (three times for 10 min) in 1% BSA-PBS to remove the excess F(ab) blocking antibody; (1) incubate in primary antibody Y for 60 min. (Anti-sarcomeric actin MAb 5CI was obtained from Sigma and was used at 1:200 dilution); (m): wash (three times for 10 min) in PBS to remove the excess primary antibody; (n) incubate in secondary antibody Y for 60 min, (Rabbit anti-mouse IgG (H+L) conjugated to fluorescein isothiocyanate, RaM-FITC, was obtained from Sigma and used at a 1:200 dilution); (0) wash twice for 10 min with 1% BSA-PBS and once for 10 min in PBS to remove excess secondary antibody; (p) coverslip with a mounting medium consisting of PBS containing 70% glycerol and 4% 1,4diazabicyclo[2,2,2]octane (DABCO) .
Control experiments consisted of staining muscle tissue sections as outlined above but omitting only primary Y or both primary X and Y. In other control experiments, sections were incubated for 60 min with the nonbinding antibody used in blocking Step 2, followed by RaM-TRIX, to ensure that this blocking antibody did not detect any proteins in guinea pig skeletal muscle. Single staining experiments were also performed with the myosin-specific and actin-specific antibodies, to compare the staining patterns to those obtained in the double-stained sections.
To compare the fictiveness ofthis protocol with the previously reported procedure (1). sections were stained sequentially with the identically prepared solutions of myosin-specific and actin-specific primary antibodies, but blocking Step 2 was omitted and whole molecules of unconjugated goat anti-mouse IgG (H+L) antibodies (GaM) were used in blockingStep 3 instead of goat anti-mouse IgG F(ab) fragments. In the control experiment for this procedure, sections were stained with the myosin-specific antibody and this was visualized with RaM-TRITC. Sections were then incubated with GaM followed by RaM-FIX.
Fluorescence M h s w p y . Black-and-white images of conaol experiments were obtained with a Nikon Labophot fluorescence microscope. Kodak Tri-X 400 ASA f h was used but was developed in Diafime developer (Acufine; Chicago, IL) according to the manufacturer's instructions to push the film to 1600 ASA. In addition, single and double-stained specimens were examined with an inverted Nikon Diaphot fluorescence microscope. Laser scanning confocal images were collected, digitized, and analyzed using CoMOS software (BioRad Laboratories; Cambridge, MA). For comparison of staining pattems, fluorescein and rhodamine images were acquired from the same area of the section, digitized, and stored. The two channels were merged (superimposed) and the image analysis software determined how much overlap was present in the staining pattems arising from the different antibodies. In regions of the merged images where the staining is not superimposed, the color is either red or green, representing TRITC or F I X staining, respectively. In regions of the merged images where the staining is superimposed the color is yellow, indicating that the two antigens being localized are co-distributed, at least at the limits of resolution of the light microscope (fractions of a micrometer). The merged images were printed with a Kodak color printer, re-photographed, and printed from color negatives.
Results
In single-staining experiments with the actin-specific (Figure 2a ) and myosin-specific ( Figure 2b ) antibodies, the staining was organized into regularly repeating striated bands. The actin bands were slightly thicker and less distinct (Figure 2a ). Similar striated bands were also observed in specimens stained with both the actin-specific ( Figure 2c ) and myosin-specific (Figure 2d ) mouse MAb by the double-staining protocol and outlined in Figure 1 . This indicates that the double-staining protocol did not significantly alter the distribution of staining for either primary MAb.
These staining patterns are easily interpreted on the basis of the organization of actin and myosin into the universally accepted sarcomeric units ofthe contractile apparatus. The staining in Figures  2a and 2b delineates the I-band and the staining in Figures 2c and  2d delineates the A-band of the sarcomere (see Figure 3a ). In the merged images obtained from the double-stained section, the regularly repeating striated bands are also clearly observed (Figure 3b ).
Green and yellow bands alternate, and in the middle of each yel- low band is a thin band of red (Figure 3b ). In this image, the green bands localize actin (I-band), the yellow bands represent the areas where actin and myosin are co-localized (A-band), and the red bands localize myosin (H-band). When the previously described doublestaining protocol (1) was used, we observed that backgrounds were higher and the red, green, and yellow bands were not as clearly defined (Figure 3c ). In control studies, longitudinal sections of guinea pig skeletal muscle were incubated with the myosin-specific MAb and RaM-TRITC, subjected to blocking Steps 2 and 3, washed, and then incubated with RaM-FITC. In this experiment, the staining observed with the TRITC filter ( Figure 4a ) was indistinguishable from the myosin-specific TRIK staining in the double-stained sample ( Figure  2d ). On the other hand, there was no detectable signal when the FITC filter was used (Figure 4b) . To further compare the effectiveness of the two blocking protocols, sections were stained with the myosin-specific MAb and RaM-TRITC. Then blocking Step 2 was omitted and whole molecules of GaM were used in blocking Step 3. Sections were then washed and incubated with RaM-FITC. In this experiment the myosin staining, as visualized with the TRITC filter (Figure 4c) , was comparable to that obtained using the protocol outlined above (Figure 4a ). However, when these sections were examined with the FITC filter, considerable crossreactivity of RaM-FITC was apparent and the background staining was significantly increased (Figure 4d ). Clearly, using blocking Step 2 and F(ab) fragments instead of whole GaM molecules greatly improved the effectiveness of the blocking protocols.
In control experiments in which both primary antibodies were omitted and in single-staining experiments when the non-binding antibody was used as the primary antibody, no fluorescence signal was detected (data not shown).
Discussion
This study demonstrates that it is possible to use two mouse MAb of the same (sub)class to obtain specific localization of two different antigens in the same tissue sample. The lower backgrounds and higher degree of specificity we obtained indicates virtually complete blocking of the first set of antibodies. If blocking Step 2 is omitted, free arms on secondary antibody X will be available to bind primary antibody Y. Furthermore, if whole molecules of goat anti-mouse IgG are used in blocking Step 3, free arms ofthis blocking agent will also be available to bind primary antibody Y. Both of these factors would greatly reduce the amount of specific labeling obtainable in the second half of the double staining. The previous study (1) did not report this crossreactivity problem. Possibly these investigators discovered a condition in which the abundance of the two antigens and the concentrations of both primary and both secondary antibodies were delicately balanced. It might be expected that one would have to be either fortunate or must perform a large number of titrations with both primaries and both scanning confocal image obtained from a singlsstaining experiment with the myosin MAb followed by RaM-TRITC. For double staining of actin and myosin, a cryosection was treated as outlined in Figure 1. (c) Figure 1 . Since the I-bands contain only thin filaments, the only signal that should arise from this region would be due to actin staining, which was visualized with F I E . Therefore, the green striations represent the I-bands. In most of the A-band, thin and thick filaments interdigitate and this overlap would cause actin and myosin to be present in the same region. This gives rise to the yellow bands observed in the merged image. In the middle of each A-band is an H-region of nonaerlap that has only myosincontaining thick filaments. Myosin was visualized with TRITC, so the H-region gives rise to the red band that intersects the middle of each yellow A-band. (c) Merged image obtained with a protocol that omitted blocking
Step 2 and used whole molecules of unconjugated secondary antibody instead of F(ab) fragments in blocking Step 3. Specific staining is substantially reduced with this approach, and in some areas of the seCtion the specific staining is obscured by the background staining. Bar = 20 pm.
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IBand ABand IBand a secondaries to find the narrow range in which such a balanced condition could be obtained. Therefore, we believe that our modifications represent a substantial improvement. Moreover, this protocol should be applicable to any set of samespecies primary antibodies by using the appropriate F(ab) fragments.
We have now used this method successfully with two other sets of MAb. We have also used it with two sets of rabbit polyclonal primary antibodies [using goat anti-rabbit IgG F(ab) fragments in blocking Step 31. In none of these cases did we have to extensively titrate any of the primary or secondary antibodies to obtain satisfactory results (unpublished observations). However, we did find that best results were obtained when the primary antibody with the highest affinity was used in the second stage (after blocking Steps 2 and 3). Invariably, the intensity of the staining was decreased in Stage two, possibly due to overblocking. We also observed that when both primary antibodies had approximately the same affinity, better results were obtained when the primary raised against the less abundant antigen was applied first.
The main advantage of the double-staining approach we describe here is that it removes the requirement that primary antibodies be raised in different species. Therefore, the need to conjugate at least one of the primaries directly to a unique fluorochrome or to biotinylate one of the primaries can be avoided. This can eliminate the substantial expenditures of time and effort that may be required to develop effective conjugation procedures.
It should be noted that when primary MAb of different classes (e.g., IgG and IgM) or subclasses (e.g., IgGl and IgG2) are available, an alternative approach would be to use (sub)class-specific secondary antibodies for double staining. However, in many cases the only primary MAb available are of the same class or subclass. filter. The readily observable striated banding pattern suggests that there has been substantial crossreactivityof RaM-FITC with the myosin-specific MAb. In addition, the background appears to be somewhat higher. Ear = 20 urn.
In addition, as we noted above, this method is adaptable for use with polyclonal antibodies raised in the same species. In this case, the polyclonal primary antibodies usually contain a variety of antibody (sub)classes and the use of (sub)class-specific secondary antibodies might not be effective for double, indirect immunolocalizations.
After developing the protocol described here, we learned of a previous study that used a different double immunostaining procedure. In this approach, two rabbit polyclonal primary antibodies were treated with either GaR F(ab) fragments or MaR F(ab) fragments, applied to a frozen section and visualized using RaG-FITC and RaM-TRITC, respectively (2). A limitation of this method is that the primaries must be pre-treated in solution due to crossreactivity of the anti-rabbit IgG F(ab) fragments. This probably reduces the &inky of the primaries for their antigens. Furthermore, this procedure is a three-step or indirect immunolabeling procedure. Therefore, we feel that our approach would be superior in most situations, particularly with indirect immunogold EM.
Double-staining techniques are likely to be increasingly useful now that laser scanning confocal microscopy combined with computer analysis of digitized video images is becoming more readily available. The details concerning the localization of actin and myosin described above demonstrate that these techniques will undoubtedly become a powerful tool in cell biology.
